In Staphylococcus aureus, vitamin K2 isoprenologues can be labeled with 14C acetate, mevalonate, glycerol, a-naphthol, and menadione. All the radioactivity from a-naphthol is in the ring nucleus. Eighty-six per cent of the radioactivity from mevalonate is in the side chain. The labeled isoprenologues of vitamin K2 can be separated and recovered quantitatively. The rates of incorporation and turnover after pulse-chase experiments indicate that the isoprenologues do not lose radioactivity once they are formed. The kinetics of incorporation of radioactivity into the ring nucleus of each isoprenologue are the same. The alkylation of the ring does not involve a simple sequential addition of isoprenoid units of the same specific activity. The incorporation of mevalonate shows that shorter side chain isoprenologues have a higher specific activity per five carbon unit than the longer side chain isoprenologues. Perhaps the alkyl precursors are from different pools since the kinetics of incorporation into all isoprenologues are different.
thin-layer chromatography (TLC). Highest purity commercial solvents were utilized without further purification.
Growth of the bacteria. The strain, medium, and harvesting conditions of the bacteria have been described (4) . To study incorporation efficiencies of the precursors, cells were grown for six to eight doublings in the presence of 5 ,uc of 14C in 250-ml Erlenmeyer flasks containing 50 ml of medium shaken at 60 cycles per min. For incorporation experiments, the bacteria were grown in 1,500 ml of medium for seven to eight doublings in the presence of 20 pc of isotope in 2,500-ml, low-form Erlenmeyer flasks. The flasks were shaken in a gyratory shaker at 37 C. Periodic samples were withdrawn into an equal volume of ice; the cells were separated from the media by centrifugation, and the lipids were extracted. For turnover experiments, the cultures were grown with 5 to 25 ,uc of radioactive precursor per 200 ml of media for two to three doublings. The culture was centrifuged at 37 C; the cells were then washed by the addition of medium over the bacterial pellet, resuspended in 1,800 ml of warm, nonradioactive medium, and incubated. Periodic samples were removed. The addition of unlabeled precursor at the beginning of the chase of pulse-chase experiments had no effect on the turnover.
Extraction of the lipids, purification of the vitamin K2, and separation of the isoprenologues. The lipids were extracted from the cell suspension by a modified Bligh and Dyer procedure (2) of cells. In this same period, the proportions of K2-0, -5, -25, -30, and -35 decrease. These isoprenologues decrease a total of 0.34 ,moles of vitamin K2 per g (dry weight), which is half of the increase of K2-40 in the same period of growth.
Incorporation of a-naphthol-1-14C and mevalonate-5-3H. The rates of incorporation of a-naphthol into the ring of each isoprenologue are comparable ( Fig. 2) . At any time during growth, the proportions of 14C in the ring of each isopre- Fig. 1 . This suggests a single a-naphthol pool of°40 constant specific activity. Saturation of the pool occurs after 10 to 15 min. In contrast, the rates of incorporation of mevalonate into the side chain 0 of each isoprenologue are different (Fig. 3) aureus. The specific activity per isoprenoid unit was calculated using the total 'H per isoprenologue (Fig. 3) and the proportion of each isoprenologue calculated from the ca-naphthol-1-14C in the ring (Fig. 2) . Symbols: A, K2-45; A, K2-40; 0, K2-35; 9, K2-30; X, K2-25; 0, K2-20; El, K2-15; V, K2-10; V, K2-5; and , K2-0. a CPM, counts/min. bCultures were grown for five to six doublings in the presence of labeled vitamin K2 isoprenologues in 50-ml cultures. The isoprenologues were added in 0.5 ml of dimethylsulfoxide. The cells were harvested, the lipids were extracted, and the vitamin K2 was purified and assayed for radioactivity.
c The radioactivity recovered in the vitamin K2 from this culture was found in K2-0, 22%; K2-5, 36%; K2-10, 14%; K2-20, 16%; remaining isoprenologues 12%. is illustrated in Fig. 4 . The five carbon unit in the shortest isoprenologue, K2-5, has a very high level of radioactivity compared to an average five carbon unit of K2-10 to -45. K2-10 has a higher specific radioactivity per five carbon unit than K-15, -20, -25, -30, and -45. When vitamin K2 was degraded in permanganate (1), all of the 14C from a-naphthol-1-14C and none of the 3H from mevalonate-5-3H was recovered in the phthalic anhydride and phthalic acid derived from the naphthalene ring.
Turnover of vitamin K2 isoprenologues. Vitamin K2 isoprenologues labeled in both the ring and side chain from acetate-2-'4C demonstrate no appreciable turnover of the five major isoprenologues (Fig. 5) . Isoprenologues labeled in the ring or methyl group with a-naphthol-1-_4C or 2-methyl-l4C-1 ,4-naphthoquinone demonstrate no turnover during 2.5 bacterial doublings. Shorter pulses (5 to 15 min) with these com-576 J. BACTERIOL. pounds again showed no turnover during one doubling (40 min).
Vitamin K2 isoprenologues labeled in the side chain with mevalonate-2-'4C demonstrate no turnover during 2.5 doublings with the possible exceptions of K2-10 and -25 (Fig. 7) . If the relatively slow turnover of K2-10 and -25 is real, it can account for less than 1 % of the K2-40 synthesized per doubling. A shorter pulse (10 min) of mevalonate showed the same results.
Reactivity of labeled vitamin K2 isoprenologues. Addition of labeled vitamin K2 isoprenologues in dimethylsulfoxide to growing cultures of S. aureus showed no incorporation or metabolism of K2-10 to -45 ( Table 2 ). The K2-10 to -45 were recovered in the medium after centrifugation. Approximately 0.4% of the K2-0 to -5 was incorporated into K2-0 to -45. The ratio of K2-O to K2-5 added to the cultures was 4.7 to 1. The ratio of K2-0 to K2-5 recovered from the cells was 1.6 to 1, indicating that most, if not all, the incorporation was of the K2-0. (6) .
The study of the metabolism of the vitamin K2 isoprenologues in S. aureus was possible because of the development of the rapid, efficient method for the separation of the isoprenologues involving TLC with hexadecane-impregnated Keiselguhr G and the fact that all the vitamin K2 isoprenologues are labeled in the ring with a-naphthol and K2-0, or in the side chain with mevalonate. The labeling of the ring nucleus and the side chain with these precursors is reasonably efficient ( Table 1) . Addition of these components during growth does not affect the proportions of the isoprenologues, indicating that these compounds are incorporated directly into vitamin K2. The poor efficiency of shikimate as a precursor of vitamin K2 probably reflects the impermeability of this strain of S. aureus. In phenylalanine assay medium, growth of this strain is proportional to added phenylalanine. Addition of shikimate in this medium has no effect on growth. Vitamin K2 isoprenologues labeled in either the ring nucleus or the side chain do not undergo any detectable turnover during 2.5 doublings of cultures in exponential growth (Fig. 5-7) . The kinetics of incorporation of 14C from a-naphthol into the ring are the same for each isoprenologue, indicating that the ring is formed from a single precursor pool (Fig. 2) . However, the kinetics of incorporation of 14C or 3H from mevalonate into the side chains of each isoprenologue are different (Fig. 3) . The specific activity of 3H per isoprenoid unit is not equal in each isoprenologue (Fig. 4) . This suggests multiple precursor pools of different specific activity as the source of the side chains. The proportion of K2-40 increases and the proportions of K2-0, -5, -25, -30, and -35 decrease during exponential growth. The increase in K2-40 represents twice the decrease in the other isoprenologues combined (Fig. 1) . These data, plus the facts that the isoprenologues are stable once they are formed and the specific activities of the side chains are different, are inconsistent with the hypothesis that the side chains are formed by a simple sequential addition of isoprenoid units of constant specific activity to the shorter isoprenologues.
Vitamin K2 isoprenologues with longer side chains were not incorporated into cells of S. aureus. The labeled isoprenologues are not taken up by the cells since they can be quantitatively recovered in the medium after the incubation. Few microorganisms are known to incorporate lipids (11) and some strains of Bacteroides melaninogenicus (Fusiformis nigrescens) incorporate vitamin K2 (5, 8) .
S. aureus contains 10 isoprenologues of vitamin K2. Perhaps the isoprenologues perform different functions or are at different locations in the cell.
It is possible that the alkylating enzyme is relatively nonspecific to side chain length. The alkylating enzyme of ubiquinone, however, is relatively specific since a single isoprenologue of ubiquinone is usually found in a single organism. Nearly all bacteria contain at least several isoprenologues of vitamin K2 when the lipids are carefully examined.
Further understanding of the formation and function of the isoprenologues of vitamin K2 must await the isolation of the alkylating enzyme system.
